Arabidopsis thaliana At4g17830 codes for a protein showing sequence similarity with the Escherichia coli N-acetylornithine deacetylase (EcArgE), an enzyme implicated in the linear ornithine (Orn) biosynthetic pathway. In plants, Nacetylornithine deacetylase (NAOD) activity has yet to be demonstrated; however, At4g17830-silenced and mutant (atnaod) plants display an impaired reproductive phenotype and altered foliar levels of Orn and polyamines (PAs). Here, we showed the direct connection between At4g17830 function and Orn biosynthesis, demonstrating biochemically that At4g17830 codes for a NAOD. These results are the first experimental proof that Orn can be produced in Arabidopsis via a linear pathway. In this study, to identify the role of AtNAOD in reproductive organs, we carried out a transcriptomic analysis on atnaod mutant and wild-type flowers. In the atnaod mutant, the most relevant effects were the reduced expression of cysteine-rich peptidecoding genes, known to regulate male-female cross-talk during reproduction, and variation in the expression of genes involved in nitrogen:carbon (N:C) status. The atnaod mutant also exhibited increased levels of sucrose and altered sensitivity to glucose. We hypothesize that AtNAOD participates in Orn and PA homeostasis, contributing to maintain an optimal N:C balance during reproductive development.
Introduction
Ornithine (Orn), a non-proteinogenic amino acid, is an essential intermediate in the production of arginine (Arg) and polyamines (PAs) (Slocum 2005) , which represent important reserves of assimilated nitrogen. Orn, although present in relatively small quantities compared with other amino acids of the glutamate (Glu)!Arg pathway, possesses a regulatory function of its own (Majumdar et al. 2013 ). Majumdar and collaborators proposed a direct role for cellular Orn in regulating not only its own biosynthesis but also the entire pathway from Glu!Arg, including a critical role in regulating PA biosynthesis. In most plants, Orn and Arg can be converted into putrescine (Put), the simplest PA, by Orn decarboxylase and Arg decarboxylase, respectively. Arabidopsis thaliana lacks the Orn decarboxylase pathway (Hanfrey et al. 2001) ; thus, Put biosynthesis in this species occurs only via Arg decarboxylase. Put is converted into spermidine (Spd) and spermine (Spm) by the successive transfers of aminopropyl groups from decarboxylated S-adenosylmethionine (SAM) catalyzed by Spd and Spm synthases, respectively.
Orn biosynthesis can follow either a cyclic or a linear pathway (Slocum 2005) . Orn biosynthesis in plants is catalyzed by N 2 -acetylornithine:N-acetylglutamate acetyltransferase (NAOGAcT) via a cyclic pathway (Slocum 2005) . In the linear pathway, detected only in enteric bacteria and a few other organisms, Orn synthesis is also catalyzed by N-acetylornithine deacetylase (NAOD) (Cunin et al. 1986 , Shargool et al. 1988 , Caldovich and Tuchman 2003 , Slocum 2005 , Winter et al. 2015 . Plants seem to be unable to use this pathway, and NAOD activity has not been demonstrated in plants (Slocum 2005 , Page et al. 2012 , Frémont et al. 2013 . Nonetheless, many putative NAOD-like genes have been identified in various plant species. In a recent paper (Molesini et al. 2015) , we addressed the role of the putative NAOD of Arabidopsis (At4g17830) by using a T-DNA insertional mutant (atnaod) and NAOD-silenced lines. Reduced AtNAOD expression caused alterations in reproductive development such as early flowering and impaired fruit setting. The NAOD-suppressed plants showed a consistent reduction in Orn content compared with wild-type plants, an indirect indication that AtNAOD contributes to the production of Orn as well as NAOGAcT in plants. However, in that study, the biochemical activity of the AtNAOD protein was not identified. Numerous reports support the existence of multiple mechanisms regulating Arg and PA biosynthesis (Funck et al. 2008 , Kalamaki et al. 2009 , Page et al. 2012 , Majumdar et al. 2013 , Shi and Chan 2013 , Molesini et al. 2015 , Winter et al. 2015 . The regulation of these pathways is complex, and the genetic manipulation of Arg biosynthetic enzymes has not always led to predictable effects (Kalamaki et al. 2009 , Majumdar et al. 2013 ). For instance, in the leaves of AtNAOD down-regulated plants, although Orn content is reduced, the Arg level is unaffected, but the concentration of Put and Spm undergoes modifications (Molesini et al. 2015) .
PAs are essential for plant reproduction including flowering, fruit setting and ripening (Egea-Cortines et al. 1993 , Minocha and Minocha 1995 , Martin-Tanguy 2001 , Imai et al. 2004 , Moschou et al. 2012 , Tiburcio et al. 2014 . Flowering and fruit setting require extensive metabolic reprogramming, with regulation that results from the integration of endogenous signaling molecules and environmental cues. Concerning the endogenous signals, in addition to typical phytohormones and PAs, small secreted peptides and sugar signals have emerged as key players (Bolouri Moghaddam et al. 2013 , Tsai and Gazzarrin 2014 , Qu et al. 2015 . Fruit set as well as fruit abortion are strictly connected with assimilate supply, which for most crop species is mainly in the form of sucrose (Gillaspy et al. 1993 , GomezCadenas et al. 2000 , Ruan et al. 2012 . Efficient sucrose use is crucial for gametophyte development, fertilization and seed/ fruit set. In ovaries, phloem-imported sucrose supplies carbon for starch accumulation in ovary walls (Ruan et al. 2012 ). In addition, experimental evidence has suggested that trehalose-6-phosphate (T6P) functions as a signal of cellular sucrose status and that modulation of the trehalose pathway can affect sucrose use (Nunes et al. 2013) . T6P is synthesized by T6P synthase (TPS) and converted into trehalose by T6P phosphatase (TPP). For instance, plants overexpressing Esherichia coli TPS display an early flowering (Schluepman et al. 2003 ) whereas down-regulation of TPS in Arabidopsis (Wahl et al. 2003) or overexpression of TPP causes late flowering (Schluepman et al. 2003) . Furthermore, the expression of a rice TPP in maize under the control of a floral promoter prevented kernel abortion (Nuccio et al. 2015) . Recently, both PAs and T6P have been implicated in the signaling of the nitrogen:carbon (N:C) status of the reproductive organs (Mattoo et al. 2006, Handa and .
Here, we provide evidence for the biochemical activity of the At4g17830 gene product as NAOD, the first demonstration of the existence in Arabidopsis of a linear pathway for Orn biosynthesis. In addition, to gain more insight into the role of AtNAOD during flower/fruit development, we investigated the potential regulatory networks associated with AtNAOD by comparing the mRNA profile of the fertilized flowers of the atnaod mutant with that of the wild-type flowers. The differential expression analysis revealed that the altered Orn and PA metabolism observed in the reproductive organs of the atnaod mutant is associated with impaired transcription of signaling peptides involved in male-female cross-talk and with the perturbation of genes involved in regulating N:C balance status.
Results

AtNAOD possesses NAOD activity
To study the biological activity of the putative AtNAOD, we expressed and purified the protein in E. coli. The purified recombinant AtNAOD (rAtNAOD) protein has an apparent mass of approximately 49 kDa, in agreement with the size predicted from the amino acid sequence (48.87 kDa) (Fig. 1A) . For a positive control, we used the recombinant E. coli N-acetyl-L-ornithine deacetylase (rEcArgE) protein, for which enzymatic activity has already been characterized (Meinnel et al. 1992 , Javid-Majd and Blanchard 2000 , McGregor et al. 2005 .
The hydrolysis of N-acetylornithine by rAtNAOD was determined spectrophotometrically and compared with the catalytic activity monitored for rEcArgE. Both catalytic activities were tested in the presence of cobalt because EcArgE is reported to exhibit the highest activity upon addition of cobalt ions (Javid-Majd and Blanchard 2000, McGregor et al. 2005) . The kinetic parameters were determined in the presence of 100 mM cobalt, a concentration that under our experimental conditions favors N-acetylornithine hydrolysis by EcArgE (McGregor et al. 2005) . The plots of the reaction velocity against the corresponding substrate concentration were fitted by non-linear regression analysis with both the Michaelis-Menten and Hill's equations to discriminate between non-co-operative and co-operative enzyme kinetics. We confirmed that rEcArgE follows a Michaelis-Menten behavior, as previously demonstrated (Supplementary Fig. S1 ; Supplementary Table S1 ). For rAtNAOD, the statistical measures of the goodness of fit suggested Michaelis-Menten as the preferred model ( Fig. 1B; Supplementary Table S1 ). Based on the obtained kinetic data, rAtNAOD had a significantly lower catalytic activity (k cat = 2,116 ± 362 s À1 , K M = 2.08 ± 0.52 mM and k cat /K M = 1.02 Â 10 6 M À1 s
À1
) compared with the activity of rEcArgE (k cat = 3,474 ± 248 s
, K M = 1.28 ± 0.47 mM and k cat /K M = 2.77 Â 10 6 M À1 s
). To confirm the NAOD activity of rAtNAOD, we exploited 1 H-nuclear magnetic resonance (NMR) spectroscopy as an additional tool for characterizing substrates and products formed by the enzyme catalysis. The hydrolysis of N-acetylornithine and subsequent production of Orn and acetic acid ( Fig. 2A) were verified by NMR analysis. To identify the NMR signals of N-acetylornithine, we recorded the spectrum of the substrate before the addition of purified enzyme (Fig. 2B) . To exclude substrate autohydrolysis, we recorded the NMR spectrum of N-acetylornithine alone after 18 h at 25 C (Fig. 2C ).
The hydrolysis of N-acetylornithine and subsequent formation of Orn and acetic acid were demonstrated by the signals in the mixture reaction containing the purified rAtNAOD after overnight incubation (18 h), to ensure that the reaction was completed (Fig. 2D) . In particular, we observed that the substrate signals at 4.1 (peak 3) and 1.9 (peak 1) p.p.m., corresponding to the a-proton of the Orn moiety and to the acetate methyl protons, respectively, shifted to 3.7 (peak 3 0 ) and 1.8 (peak 1 0 ) p.p.m. in the 1 H-NMR spectrum of the reaction mixture ( Fig. 2B-D) . The chemical shifts of these peaks matched perfectly with the position of signals observed in the control spectrum recorded on Orn and acetic acid (Fig. 2E) . A slight shift was also observed for the protons of methylene of the Orn moiety (peaks 4 and 5 shifted to 4 0 and 5 0 ). These small different peak positions arose from the change in pH resulting from the formation of acetic acid. In addition, the disappearance of HN signal at 7.9 p.p.m. (peak 2) supported the hydrolysis of the substrate and the formation of free amino acid Orn. Indeed, as confirmed in the 1 H-NMR spectrum of the control, the protons of the amine group of free Orn were not observable because they undergo rapid chemical exchange with water.
To investigate the hydrolytic activity of AtNAOD, we further characterized the catalytic active site by protein structure modeling. We developed a three-dimensional homology structure of NAOD from A. thaliana using as the template the structurally characterized enzyme zinc-bound succinyl-diaminopimelate desuccinylase from Haemophilus influenzae (HiDapE) (pdb code 3ic1) (Nocek et al. 2010) , which shares the highest sequence identity with AtNAOD (i.e. $21%) ( Supplementary   Fig. S2 ). A three-dimensional homology model of ArgE from E. coli was also generated for comparison using the same template, showing approximately 24% sequence identity with HiDapE ( Supplementary Fig. S2 ). The superposition of the models with the corresponding template structure is shown in Fig. 3A . The homology model of EcArgE revealed that the conserved amino acid residues involved in the catalytic domain are structurally aligned with the metal ligands in the structurally characterized HiDapE, as previously proposed by McGregor and collaborators (2013) (Fig. 3B, C) . The residues present in the active site of HiDapE (Nocek et al. 2010) and EcArgE (McGregor et al. 2013 ) are also maintained in AtNAOD, except for the replacement of the Glu residue (i.e. E163 in HiDapE; E169 in EcArgE) by aspartate D198 in the AtNAOD ( Fig. 3; Supplementary Fig. S2 ). The Glu residue is also not conserved in other members of the peptidase family, and, on the other hand, the replacement by aspartate does not change the negative charge presumably without impairment of the active site environment.
Biochemical characterization of atnaod mutant flowers and differential gene expression analysis A previous characterization of AtNAOD-silenced and mutant (atnaod) plants showed that this gene plays a role during reproductive development, given that its suppression impairs fruit setting (Molesini et al. 2015) . Here, to investigate the molecular mechanism of AtNAOD action during reproductive development, we evaluated the content of amino acids related to Orn and Arg metabolism and the levels of PA in flowers with incipient ovary growth (stage 15; Fig. 4A ) collected from atnaod mutant and wild-type plants. In atnaod, Orn levels were 45% lower than in wild-type flowers, and N-acetylornithine and Arg levels were slightly higher ($16%) than in wild-type plants (Fig. 4B) . In addition, PA levels were modified: Put and Spd contents were significantly increased ($20%) whereas Spm level decreased ($26%) in the mutant flowers compared with controls ( Fig. 4C) . Furthermore, we compared the transcriptional profiles of atnaod mutant and wild-type flowers at stage 15. We performed microarray analysis using the Agilent Microarray 4 Â 44K slides, where 43,803 A. thaliana probes were represented. Three independent biological replicates were analyzed for both atnaod mutant and wild-type plants. Each biological sample consisted of approximately 100 harvested fertilized flowers collected from a population of 17-20 plants. The steady-state mRNA levels of 687 genes were significantly different (P < 0.01; Student's t-test); among these, 63 were selected based on a fold change !j2j. None of the 63 differentially expressed genes encodes enzymes involved in the Arg and PA biosynthetic pathways. We confirmed by microarray analysis that the expression of AtNAOD was abolished almost completely in the atnaod mutant (data not shown).
The overall changes in gene expression patterns are shown in Table 1 . Most of the differentially expressed genes (51 out of 63) were down-regulated in the atnaod mutant, suggesting that the phenotypic alterations resulting from AtNAOD down-regulation are mainly the result of knock down of specific genes. The annotation was assigned to about 80% of the differentially expressed genes according to the Universal Protein Resource (http://www.uniprot.org), the Arabidopsis Information Resource database (http://www.arabidopsis.org) and the GenBank database (http://www.ncbi.nlm.nih.gov). The transcripts were grouped into six categories; the two most represented were the 'signaling peptides' and 'unknown function' categories, which contained 20 genes ($32%) and 12 genes (19%), respectively ( Table 1 ). All of the transcripts belonging to the 'signaling peptides' category were down-regulated in the atnaod mutant; they code for small cysteine-rich proteins (CRPs) comprising gametogenesis-associated, self-incompatibility and defensin-like proteins. All of these small CRPs possess a cleavage site and are targeted to the secretory pathway ( Supplementary Table S2) , as predicted by SignalP (Petersen et al. 2011) and TargetP (Emanuelsson et al. 2007 ), respectively. The other representative categories were 'cell wall', 'carbon and nitrogen metabolism' and 'response to biotic and abiotic stress and secondary metabolism', which contained eight, nine and 10 differentially expressed transcripts, respectively. Only 6% of the differentially expressed transcripts (four out of 63) were classified in the 'transport' category ( Table 1) .
To gain an independent confirmation of the transcriptomic data, using new sets of plants we performed quantitative reverse transcription-PCR (qRT-PCR) on four genes showing in the atnaod mutant either a very high fold change, such as Qua-Quine Starch (QQS) and MTO 1 RESPONDING DOWN 1 (MRD-1), or an intermediate value of fold change, such as GATA transcription factor 13 and pathogenesis-related At2g38900. The expression patterns revealed by the microarray analysis were confirmed for all of the chosen genes (Fig. 5) . For QQS and MRD-1, we also examined the expression pattern at different developmental stages from flower buds before anthesis to fully developed green siliques, for both wild-type and mutant plants (Fig. 5C, D) . The expression of QQS showed a similar pattern in both the wild type and the atnaod mutant, reaching its maximum in the fully developed green siliques (Fig. 5C) . Furthermore, the QQS expression level in the atnaod mutants was markedly higher than in wild-type plants at all of the different developmental stages analyzed (Fig. 5C ). The MRD-1 gene displayed a comparable expression pattern in both wildtype and atnaod mutant plants, achieving the highest expression in green siliques. However, the MRD-1 level was consistently lower in atnaod than in wild-type plants (Fig. 5D ).
Relevant metabolic changes caused by the atnaod mutation
The most striking effect of AtNAOD suppression was the downregulation of 20 transcripts coding for small CRPs ( Table 1) . Among these genes, 17 encode defensin-like proteins (DEFLs), one self-incompatibility protein S1 and two gametogenesisrelated proteins. Two (i.e. At5g27238, a self-incompatibility protein S1, and At4g19905, a DEFL) of the 20 differentially expressed CRPs were identified in a recent transcriptomic survey as preferentially expressed in the Arabidopsis female gametophyte (Jones-Rhoades et al. 2007) . Furthermore, At4g19905 is down-regulated in myb98 mutant ovules, which are impaired in pollen tube attraction, and in dif1 mutant ovules, which entirely lack embryo sacs (Jones-Rhoades et al. 2007) . Similarly, At5g27238 expression is reduced in dif1 ovules (Jones-Rhoades et al. 2007 ).
Here, a phylogenetic analysis was carried out to evaluate the relationship between the 17 DEFLs differentially expressed in atnaod and several DEFLs found lowered in either the dif1 or myb98 mutant or in both mutants (Jones-Rhoades et al. 2007 ) (Fig. 6A) . DEFLs down-regulated in atnaod appeared to be more closely related to those differentially expressed in dif1 ovaries than those in myb98. The expression pattern of three randomly selected DEFL genes (At5g62623, At1g61688 and At1g13605) was analyzed by qRT-PCR in different stages of flower development (Fig. 6B) . For all three genes, the mRNA expression was undetectable in flower buds before anthesis and reached the highest level in the fertilized flowers (stage 15). Taken together, these results strongly support the hypothesis that the reduced fruit setting of AtNAOD down-regulated plants might arise from impaired production of CRPs involved in male-female cross-talk during fertilisation.
A second well-represented category comprises genes involved in carbon and nitrogen metabolism. The two genes with the highest fold change variation, MRD-1 (i.e. 40-fold repressed in the atnaod mutant) and QQS (i.e. 6-fold induced in the atnaod mutant) are included in this category ( Table 1) .
AtMRD-1 does not share sequence similarity with genes of known function but is strongly down-regulated in young silique tissue of the mto 1-1 mutant, which displays altered amino acid metabolism (Goto and Naito 2002) . QQS is an orphan gene of Arabidopsis, coding for a protein of 59 amino acids, which is a regulator of starch biosynthesis (Li et al. 2009 ). Members of the GATA transcription factor gene family also function in regulating carbon and nitrogen sensitivity (Bi et al. 2005) . In atnaod, one member of this family, GATA13, was induced ( Table 1) .
Another gene, whose expression was increased 2-fold in atnaod, is TPS 10 ( Table 1) , which is implicated in the synthesis of T6P, a signaling molecule that participates in the regulation of carbon assimilation and sugar status (Ponnu et al. 2011) . To determine whether the sugar status was altered in flowers (stage 15) of the atnaod mutant, we measured the levels of sugars such as sucrose, fructose and glucose, known also to play a role as signaling molecules (Eveland and Jackson 2012) . The sucrose content was significantly increased by about 2-fold in atnaod mutant flowers compared with wild-type plants, while the glucose and fructose contents were unchanged (Fig. 7A) . For further insight into altered sugar metabolism in the atnaod mutant, we tested the seedling sensitivity to glucose and sucrose, which are widely used parameters to predict sugar metabolism dysfunction (Rolland et al. 2002) . The atnaod mutant and wild-type seeds were tested for germination and growth on Murashige and Skoog (MS) medium supplemented with either 2, 4 or 6% glucose or 1, 4 or 8% sucrose concentrations (Rolland et al. 2002) . Five-day-old mutant and wild-type seedlings exhibited similar sugar sensitivity at both 2% and 4% concentrations of glucose (data not shown). At 6% glucose, the inhibition of growth was severe for both wild-type and mutant plants; however, the sensitivity of mutant seedlings, evaluated as the percentage of seedlings with chlorotic cotyledons or without emerged cotyledons, was higher than that of the wild-type seedlings (Fig. 7B) . On the other hand, the sensitivity to sucrose was similar in atnaod and wild-type seedlings (data not shown).
Discussion
The principal function of the non-protein amino acid Orn is to serve as an intermediate in the synthesis of Arg from Glu. In addition, Orn is implicated in the production of Put and proline, thus playing a role in PA metabolism as well as (most probably) in responses to abiotic stresses. The metabolism and physiological role of Orn in plants are only partially clarified, and many questions remain unresolved. One of the open questions concerns the Orn biosynthetic pathway. In plants, the synthesis of Orn from N-acetylornithine seems to operate only through a cyclic pathway by the action of NAOGAcT (Slocum 2005) . However, in several plant species, genes putatively coding for NAOD, the enzyme that catalyzes Orn biosynthesis via a linear pathway in bacteria, have been identified (Shargool et al. 1988 , Kawasaki et al. 2000 , Slocum 2005 , Winter et al. 2015 . In previous work, we demonstrated that AtNAOD suppression results in foliar Orn depletion, revealing . Data reported are means ± SE (n = at least 4). Student's t-test was applied: *P < 0.05, **P < 0.01 and ***P < 0.001 vs. the wild type. the involvement of AtNAOD in Orn metabolism (Molesini et al. 2015) . In this work, we provide the first biochemical demonstration that At4g17830 codes for a protein that catalyzes the release of acetate from N-acetylornithine, thus acting as an NAOD. The AtNAOD protein shares high conservation of the amino acid residues of the catalytic domain with the well-characterized EcArgE and HiDapE. Similarly to EcArgE, AtNAOD requires cobalt ion as a cofactor but exhibits a lower in vitro catalytic activity. The lower enzymatic activity might be ascribed to slight differences in the mechanism of either cobalt co-ordination or peptide bond cleavage. Of note, the protein structure homology model of AtNAOD revealed the presence of an amino acid substitution in the catalytic site with respect to the Glu present in the bacterial active site. We can hypothesize that the shorter and slightly more rigid side chain of aspartate as compared with the side chain of Glu present in the bacterial enzyme might be responsible for the lower catalytic activity of AtNAOD. Furthermore, we cannot exclude that post-translational modifications that are not supported in the E. coli expression system might affect the enzymatic activity. Additional in vitro biochemical investigation will be necessary for a deeper understanding of the catalytic mechanism as well as the possible inhibitory effects of Orn and acetate, and the solvent isotope effect. The catalytic activity displayed by the At4g17830 protein in vitro and the decreased Orn content observed in the NAOD knockdown mutant support the existence of a linear pathway for Orn synthesis (Molesini et al. 2015 ; this work). The reduction in Orn content in atnaod plants was about 40-45% in both leaves (Molesini et al. 2015) and flowers (this work); in the latter organ, we also measured a modest increase in N-acetylornithine, a precursor of Orn. These findings demonstrate that AtNAOGAcT, which transfers the acetyl group from N-acetylornithine to Glu in the cyclic pathway, cannot compensate for the AtNAOD dysfunction. From these results, we can infer that the two enzymatic activities are not mutually interchangeable and speculate either that Orn produced by these two enzymes can be channeled into different metabolic pathways or that AtNAOD and AtNAOGAcT can be differently compartmentalized in the plant cells. In this regard, NAOGAcT is reported to be localized in the plastid, whereas NAOD is predicted to be a cytosolic enzyme (Yokota et al. 2002 , Slocum 2005 , Molesini et al. 2015 ).
The reduction of Orn level was not accompanied by a diminished accumulation of Arg. In fact, the Arg level was unchanged in leaves (Molesini et al. 2015) and slightly increased in flowers of atnaod plants. This finding only appears to be contradictory because considerable evidence has demonstrated that changes in the Orn level do not directly affect Arg accumulation, which indicates that multiple mechanisms regulate Arg homeostasis (Kalamaki et al. 2009 , Majumdar et al. 2013 , Molesini et al. 2015 . The role of AtNAOD in regulating PA The genes are grouped in six categories and are listed with their locus identifier (AGI code), fold change variation (atnaod/WT) (P-value < 0.01 and a fold change !j2j) and gene description.
metabolism also does not seem to be straightforward. In the atnaod mutant, the levels of Put and Spd increased whereas the content of Spm decreased. These alterations in PA metabolism are not simply explained by the changes in Orn and Arg levels. The accumulation of Put and Spd as well as the reduction in Spm might result from changes in homeostatic regulatory processes such as conjugation, degradation and back-conversion (Martin-Tanguy 2001, Bitriàn et al. 2012) . Collectively, our data add further knowledge to the complex and interacting pathways that involve the amino acids Glu, Orn, Arg and PAs, and support the idea that Orn plays a pivotal role in regulating not only its biosynthesis but also PA homeostasis (Majumdar et al. 2013 , Majumdar et al. 2016 ).
Our transcriptomic analysis revealed that the observed variations in amino acid and PA levels are not due to transcriptional changes in key biosynthetic enzymes. These results are in agreement with the recent observation that the Orn, Arg and PA pathways are mainly regulated at the post-transcriptional level (Majumdar et al. 2016) . Among the variety of roles played by PAs, their implication in the regulation of flowering and fruiting appears to be one of the most critical. Thus, the reproductive alterations caused by AtNAOD suppression might be the result of modifications in PA metabolism, although we cannot exclude that Orn itself can regulate flowering and fruiting (Trovato et al. 2001 , Molesini et al. 2015 , Winter et al. 2015 . It is well established that Arg and PA metabolism plays a key -14) ; 3, flowers at stage 15; and 4, green siliques. The expression levels were normalized using actin as the endogenous control gene. The values are means ± SE (n = 3). Student's t-test was applied: *P < 0.05, **P < 0.01 and ***P < 0.001 vs. the wild type at the same developmental stage. Fig. 6 Defensin-like proteins differentially expressed in atnaod flowers. (A) Phylogenetic analysis of 17 DEFLs differentially expressed in atnaod mutant (indicated with black spots) and 12 (light blue spots), 11 (green spots) and three (red spots) DEFLs found to be down-regulated in either dif1, myb98 or both mutants, respectively (Jones-Rhoades et al. 2007 ). The analysis involved 43 amino acid sequences. The evolutionary history was inferred using the Neighbor-Joining method (Saitou and Nei 1987) . The optimal tree with the sum of branch length = 752.24682617 is shown. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the number of differences method (Nei and Kumar 2000) and are in the units of the number of amino acid differences per sequence. Evolutionary analyses were conducted in MEGA5 (Tamura et al. 2011) . (B) Time course analyses of At5g62623, At1g61688 and At1g13605 in three different stages of wild-type flower development: flower buds before anthesis; open flowers (stages 13-14); and flowers at stage 15. The expression levels were normalized using actin as the endogenous control gene. The values are means ± SE (n = 3). Student's t-test was applied: *P < 0.05, **P < 0.01 and ***P < 0.001 vs. the level measured in open flowers (n.d. indicates that, under our experimental conditions, the expression of the target DEFL gene was undetectable). role in plant N assimilation and, in turn, N assimilation has a complex dependence on C availability (Majumdar et al. 2016) . In this regard, it was reported that Spd and Spm act as regulatory N compounds during fruit development, which in turn affects C metabolism (Mattoo et al. 2006 , Neelam et al. 2008 .
The results of the transcriptomic analysis carried out on atnaod and wild-type fertilized flowers support the existence of a link between Arg and PA metabolism and N:C balance. Among the differentially expressed transcripts, several genes are involved in C and N allocation and storage. For instance, MRD-1, which was highly repressed in atnaod, is also down-regulated in an A. thaliana mto1-1 mutant that overaccumulates methionine (Met) and displays an increased level of SAM (Goto el al. 2002, Goto and Naito 2002) . It was suggested that MRD-1 plays a unique role in Met response Naito 2002, Goto et al. 2002) . In addition to serving as a protein component, Met is also the direct precursor of SAM, the aminopropyl donor for the biosynthesis of both Spd and Spm. However, SAM is also a major methyl donor in a wide variety of other metabolic processes including pectin methylesterification (Pereira et al. 2006) . In this regard, we have found four genes out of the eight of the 'cell wall' category-encoding proteins belonging to the plant invertase/pectin methylesterase inhibitor superfamily, all of which showed expression decreased by half in the atnaod mutant (Table 1) . Therefore, the alteration of MRD-1 in atnaod together with variation in pectin methyesterification might also be connected with modifications in the cell wall biomechanical properties (Cosgrove 2005) .
Another interesting gene involved in N:C status is QQS, which is up-regulated in the atnaod mutant. This gene, which is uniquely present in the A. thaliana genome, has emerged as an important regulator of starch metabolism (Li et al. 2009 ). Recently, QQS was introduced into several plant species (i.e. soybean, rice and maize), confirming that it regulates starch accumulation but also seed protein content, thus suggesting that QQS modulates C and N allocation Wurtele 2015, Li et al. 2015) .
Sugars such as sucrose and glucose, besides being essential cellular metabolites, act as signaling molecules co-ordinating developmental processes with carbohydrate availability (Eveland and Jackson 2012) . A similar regulatory role is played by the disaccharide trehalose, which is synthesized by TPS. A further proof of the altered C metabolism in the atnaod mutant is the induction of TPS 10 expression as well as an increased level of sucrose and enhanced sensitivity to glucose.
The other relevant metabolic change observed in atnaod flowers was the reduced transcription of genes belonging to the CRP family, which represent about 30% of the total differentially expressed genes. The CRP family includes extracellular signaling molecules regulating male-female cross-talk during reproduction (Dresselhaus and Franklin-Tong 2013 , Ingram and Gutierrez-Marcos 2015 , Qu et al. 2015 . These proteins are secreted by various maternal and paternal tissues controlling different aspects of the reproductive process, such as selfincompatibility, pollen tube growth and guidance, and ovule receptivity (Dresselhaus and Franklin-Tong 2013 , Ingram and Gutierrez-Marcos 2015 , Qu et al. 2015 . Some of the differentially expressed CRPs have already been identified in A. thaliana mutants impaired in either pollen tube attraction (e.g. myb98) or embryo sac formation (e.g. dif1) (Bhatt et al. 1996 , Bhatt et al. 1999 , Kasakara et al. 2005 , Jones-Rhoades et al. 2007 ). We found that in general, the CRPs down-regulated in atnaod were phylogenetically related to those differentially expressed in dif1 ovules (Jones-Rhoades et al. 2007) . In this respect, AtNAOD expression in the ovule was restricted to the embryo sac (Molesini et al. 2015) . Thus, the reduced fertility of the atnaod mutant is most probably explained by down-regulation of CRPs implicated in controlling male-female cross-talk during reproduction.
The data presented here can be schematically recapitulated in a speculative model (Fig. 8) that describes the involvement of AtNAOD in regulating fruit setting. According to this hypothetical model, the AtNAOD mutation causes a deficient synthesis of Orn that affects PA homeostasis. This effect, in turn, alters N:C status in the reproductive organs. One of the effects of the N:C disequilibrium might be the down-regulation of genes encoding signaling CRPs that mediate fertilization and the onset of fruit growth. Similarly, a perturbation in N:C Fig. 7 Quantification of simple sugars and glucose sensitivity of the atnaod mutant. (A) Glucose, fructose and sucrose quantification in wild-type and atnaod flowers (stage 15). The values are means ± SE (n = 3). Student's t-test was applied: *P < 0.05; for each sugar, the concentration in atnaod mutant flowers was compared with that of wild-type flowers. (B) atnaod mutant sensitivity to glucose. Seeds were germinated on 6% glucose, and 5 d later the glucose sensitivity was calculated as the percentage of seedlings with chlorotic cotyledons or without emerged cotyledons of the total sown seeds. The values are means ± SE (n = 3). Student's t-test was applied: ***P < 0.001 vs. the wild type.
balance might explain the altered flowering time observed in the atnaod mutant (Fig. 8) .
In conclusion, we demonstrate for the first time in plants the existence of a linear pathway for Orn biosynthesis mediated by an NAOD. The role of this enzyme is relevant for the reproductive development of A. thaliana, probably contributing to ensure the optimal balance between cellular C and N metabolism necessary for flowering and fruit setting. In addition, the NAOD gene might represent a genetic engineering target for producing plants with improved crop fruit setting. In this regard, it is noteworthy that an NAOD-homologous gene of tomato is up-regulated in parthenocarpic ovaries ).
Materials and Methods
Construction of bacterial expression vectors
Two pairs of oligonucleotide primers, F 5 0 -CTCGAGATGGCTTCGTCTTCCAAA GCACT-3 0 (XhoI restriction site underlined) and R, 5 0 -GGATCCTTATTATACTT GTTCAAGTTGAGAAA-3 0 (BamHI restriction site underlined), and F, 5 0 -CTCG AGATGAAAAACAAATTACCGCCATT-3 0 (XhoI restriction site underlined) and R, 5 0 -GGATCCTTATTAATGCCAGCAAAAATGGTG-3 0 (BamHI restriction site underlined) were designed to amplify AtNAOD cDNA and E. coli ArgE (WP_000791752; protein_id: ALQ74474.1), respectively. The resulting PCR products were double-digested with XhoI and BamHI, and cloned into pET15b (Novagen), which carries an N-terminal 6ÂHis-tag sequence and a thrombin site. The two resulting recombinant vectors, pET-15b::AtNAOD and pET-15b::EcArgE, were checked by sequencing and then mobilized into the host strain E. coli Rosetta (DE3) and BL21 (DE3) (Stratagene), respectively.
Protein expression and purification
Starter cultures (10 ml) were grown overnight at 37 C using isolated colonies from a fresh plate and then inoculated into 1 liter of LB medium. The cells were grown at 37 C under continuous shaking until the OD 600 was approximately 0.6. Induction of the proteins was achieved by addition of 1 mM isopropyl-b-D-1-thiogalactopyranoside (IPTG) and by overnight incubation at 22 C. The cells were then harvested at 10,000 Â g for 20 min, and the cell pellets were frozen at -80 C for at least 30 min prior to lysis. Cells were resuspended in lysis buffer [20 mM Tris pH 7.5, 0.5 M NaCl, 1 mM phenylmethylsulfonyl fluoride (PMSF), 0.02% NaN 3 ] and, after sonication, the supernatant, containing the soluble 6ÂHis-tagged proteins, was loaded on a IMAC Sepharose 6 Fast Flow (GE Healthcare), charged with cobalt ions and equilibrated with binding buffer (20 mM Tris-HCl pH 7.5, 500 mM NaCl). The recombinant proteins were eluted using a linear gradient of imidazole in the binding buffer. Fractions containing the proteins were collected, dialyzed, and the histidine-tag was removed using thrombin (Sigma-Aldrich). The cleaved proteins were further purified by size exclusion chromatography (Superdex G75, GE Healthcare), equilibrated in 20 mM Tris-HCl pH 7.5, 0.15 M NaCl, 0.02% NaN 3 . The fractions containing the purified proteins were analyzed by SDS-PAGE and visualized by Coomassie or silver staining. Fractions containing the proteins were collected and concentrated using a 10 kDa cut-off (YM-10) Centricon device (Millipore). For removal of the metals in the enzymes, the procedure of Javid-Majd and Blanchard (2000) was used. Briefly, rAtNAOD and rEcArgE were dialyzed for 48 h at 4 C against 20 mM EDTA in 50 mM potassium phosphate buffer (KPi) buffer pH 7.6 and then exhaustively dialyzed against Chelex 100-treated KPi buffer.
Enzymatic assay
rAtNAOD and rEcArgE activities were measured at 25 C in 50 mM KPi on a Cary60 UV-Vis spectrophotometer (Agilent Technologies) monitoring the amide bond hydrolysis of the N-acetylornithine at 214 nm (e 214 nm = 1,030 M -1 cm -1 ). All assays were analyzed using a variable concentration of N-acetylornithine in the presence of 1 mM of enzyme incubated with 100 mM cobalt. In order to determine the kinetic parameters, the experimental data were fitted either to the Michaelis-Menten equation (Equation 1) or to the allosteric sigmoidal model (Hill equation) (Equation 2) by non-linear regression using the Origin8 software (OriginLab, Inc.) and expressed as the mean values ± ?SE.
where v is the initial velocity, V max is the maximum velocity, K m and K 0.5 are the substrate concentrations at half-maximal velocity, and h is the Hill coefficient. Fig. 8 Speculative model of AtNAOD action during A. thaliana reproductive development. In the reproductive organs, the AtNAOD suppression determines a reduced Orn content and an altered PA level that would result in N:C status imbalance. As a consequence, the expression of CRPs, that mediate fertilization and onset of fruit growth, might be impaired, with a downstream effect on fruit setting. A perturbation of the N:C balance might also explain the altered flowering time observed in the atnaod mutant.
Comparison of model fitting was performed using the F-test, Akaike's Information Criterion (AIC) test and the coefficient of determination (R 2 ). The K m and k cat values were obtained from the model with the highest goodness of the fit.
NMR spectroscopy
To confirm the enzymatic activity, 0.85 mg of purified rAtNAOD was reacted with 1 mM N-acetylornithine in 50 mM KPi buffer, pH 7.6 and in the presence of 100 mM cobalt. After overnight incubation (18 h) at 25 C, the reaction mixture was transferred into an NMR tube and analyzed by 1 H-NMR spectroscopy. For comparison, the standards involved in the reaction (N-acetylornithine, ornithine and acetic acid) were analyzed at a final concentration of 1 mM in 50 mM KPi buffer, pH 7.6. 1 H-NMR measurements were carried out in 5 mm Shigemi tubes using 350 ml of solution with 10% D 2 O as a locking substance. All NMR experiments were performed at 25 C using a 600 MHz Bruker Avance III spectrometer equipped with a triple resonance TCI cryogenic probe. The spectra were recorded using the Bruker-standard 'zgesgp' sequence with 16 scans and a spectral width of 12,019 Hz. Spectra were referenced to the suppressed water signal (4.70 p.p.m.). All spectra were manually phased and baseline corrected using TOPSPIN 3.2 (Bruker). 
Homology-based structural modeling
Homology-based models of AtNAOD and EcArgE were built using the Swiss-Model protein homology-modeling server (http://swissmodel.expasy.org) (Biasini et al. 2014) . For the generation of AtNAOD and EcArgE homology models, the crystal structure of the DapE from Haemophilus influenzae (pdb code 3ic1) was selected as template protein. Visualization of protein models was done with Pymol (Schrödinger, LLC). Active site residues were identified and marked based on previous structural analysis (Nocek et al. 2010 , McGregor et al. 2013 ).
Plant material and growth conditions
The A. thaliana atnaod homozygous mutant (GABI-Kat line 846C09; Kleinboelting et al. 2012 ) was described in Molesini et al. (2015) . For all the experiments, seeds were directly sown on soil and grown to maturity in a growth chamber set at a constant temperature of 25 C with a 16 h light/8 h dark photoperiod, with an average light intensity of 120 mmol m -2 s -1 .
To evaluate the glucose and sucrose sensitivity, seeds were surface-sterilized and sown on 0.5Â MS medium, pH 5.7, 0.8% agar and supplemented with either glucose (2, 4 and 6%) or sucrose (1, 4 and 8%). As control, the seedlings were grown on medium supplemented with 1, 2, 4, 6 and 8% mannitol. At 5 d after germination, the glucose sensitivity was calculated as the percentage of seedlings with chlorotic cotyledons or without emerged cotyledons of the total sown seeds.
Microarray experiments and data analysis
Total RNA was extracted from the whole floral organs collected at stage 15 from atnaod mutant and wild-type plants following the protocol of Suzuki et al. (2004) . Three independent biological replicas were conducted for both atnaod mutant and wild-type plants. Each biological sample consists of approximately 100 harvested fertilized flowers collected from a population of 17-20 plants. cRNAs were synthesized from 200 ng of total RNA and labeled with Cyanine 3 (Cy3)-CTP fluorescent dye according to the manufacturer's instructions (Agilent Technologies). Aliquots of Cy3-labeled cRNAs (1.65 mg) of each sample were used for subsequent hybridization in the Arabidopsis Oligo Microarray with the design number 021169 (Arabidopsis V4; Agilent Technologies) according to the manufacturer's manual. After hybridization for 17 h at 65 C, slides were washed and scanned with an Agilent Microarray Scanner (G2565CA, Agilent Technologies). Scanned images were transformed into quantified figures by the Agilent Features extraction software (v11.5) and expression data were normalized based on the 75th percentile. Statistical analysis (t-test; P < 0.01) was carried out using T-MeV v4.9.0 software (http://www. tm4.org/mev) to define significantly modulated genes between wild-type and atnaod mutant plants. Fold change was calculated as the ratio between the average of the three replicates of the atnaod mutant plants and the average of the three replicates of wild-type plants. Microarray expression data are available at the GEO (http://www.ncbi.nlm.nih.gov/geo) under the series entry (GSE88922).
Gene expression analysis by real-time qRT-PCR cDNA synthesis was obtained with an oligo(dT) primer and carried out using the GoScript Reverse Transcription System (Promega). cDNA was amplified using SYBR Green qPCR Supermix-UDG (Invitrogen) on the StepOnePlus TM Real-Time PCR System (Applied Biosystems). The qRT-PCR was performed using the following cycling conditions: 2 min at 50 C, 2 min at 95 C, 40 cycles of 95 C for 30 s, 58 C for 30 s, 72 C for 30 s and finally 72 C for 3 min. All quantitations were normalized to the actin gene as an endogenous control. Three cDNA samples derived from three independent RNA extractions were analyzed. Relative quantitation of transcript levels was carried out following Livak and Schmittgen (2001) . Statistical analysis was conducted using Student's t-test. The following forward (F) and reverse (R) primers were employed: for AtNAOD 
Quantification of amino acids, free PAs and simple sugars
The fertilized flowers (stage 15), collected from atnaod mutant and wild-type plants, were immediately frozen in liquid nitrogen and stored at -80 C before analyses. PAs and amino acids were extracted according to the protocol reported in Molesini et al. (2015) . Simple sugars were extracted according to the following protocol. Briefly, 100 mg of frozen sample were homogenized for 10 min, boiled in 1 ml of 80% ethanol for 30 min, quenched in an ice-bath and centrifuged at 15,000 Â g for 10 min. The supernatant was filtered through a 0.45 mm polytetrafluoroethylene (PTFE) filter prior to HPLC analysis. For each line, three biological replicates were prepared. Each biological replicate was extracted twice, resulting in 12 extracts; each extract was analyzed twice. The analyses were performed through a Waters E-Alliance HPLC system constituted by a 2,695 separations module with quaternary pump, autosampler and a 410 refractive index detector; data were acquired and analyzed with Waters Empower software on a PC. A 20 ml aliquot of sample was injected on a Luna NH 2 100 Å (250 Â 4.6 mm, 5 mm particle size) column equipped with a SecurityGuard guard column NH 2 (4 Â 3.0 mm) from Phenomenex. The mobile phase was acetonitrile : water (75 : 25, v/v) with a flow rate of 1 ml min -1 . The analysis lasted for 18 min and the column temperature was set to 30 C. Peak areas for respective sugars were recorded, and sugar concentration (mg g -1 FW) was calculated using authentic, distinct and appropriately diluted standards (Sigma-Aldrich).
Supplementary data
Supplementary data are available at PCP online. 
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